2.3.9.1 Introduction 2.3.9.1.1 Classification In the interaction of two or more catalyst components, two extremes can be found: the formation of a compound or a solid solution constitutes the most intimate and homogeneous type of interaction, while the formation of a non-wetting surface species on an inert support can be seen as the minimal type of interaction. For supported catalysts, the goal is usually the dispersion of the active species; the structural integrity of the support remains unchanged, although strong interactions may occur at the interface of the support and the dispersed phase (see Chapter 3.2.5) . In this sense, anion-modified oxides such as sulfated or tungstated zirconia or sulfated titania could simply be understood as supported systems, specifically as mounted acids. In a typical preparation route, however, the second component (sulfate, tungstate) is added early in the preparation and is already present when the support or, better, ''matrix oxide'' crystallizes during the thermal treatment. As a consequence, the textural and structural properties (zirconia features a particularly vivid phase chemistry) of the matrix oxide are severely influenced by the additive. If further components such as promoters are added, the situation will become more complex. Although the product might be considered a surface-functionalized oxide, the systems are characterized by a strong interaction of the functionalizing agent and the matrix, leading to a mutual directing of their structures. The final product ideally contains only the matrix oxide as crystalline phase. This characteristic distinguishes these systems from coprecipitated catalysts such as Ni/Al 2 O 3 and Cu/ZnO, which also feature precursors with intimate mixing of the components, but the final product obtained after a reduction step consists of separate phases, which are individually detectable by diffraction. Oxo-anion-modified oxides can thus be viewed as a separate class of catalysts.
2.3.9.1.2 Variety of Materials and Focus The lead system discussed in this chapter is sulfated zirconia but other varieties of this type of catalyst, that is, other anions and other oxides are also discussed. Sulfated zirconia was first described in a patent by Holm and Bailey in 1962 [1] . Profound interest in the system was raised years later through two articles by Hino and Arata, who reported sulfated zirconia to be active for n-butane isomerization at room temperature; that is, under conditions that thermodynamically favor the desired branched isomer [2, 3] . Commercialization of sulfated zirconia by UOP has been reported [4, 5] , emphasizing the significance of this catalyst. Sulfated zirconia can be employed for a number of different reactions, most of which are acid-catalyzed processes; e.g. alkylation, condensation, etherification, acylation, esterification, nitration, and oligomerization [6] .
Both catalyst components can be varied, i.e. (i) zirconia can be mixed with other oxides [7] , or other matrix oxides or mixtures thereof can be employed and (ii) other oxoanions can be used. For example, sulfated TiO 2 , HfO 2 , SnO 2 and Fe 2 O 3 are each active for the skeletal isomerization of n-butane to isobutane at low temperatures [8] . Sulfated SiO 2 is active for the dehydration of ethanol [8] . ZrO 2 combined with tungstate is a catalyst for alkane isomerization [9, 10] and cracking [11] , ZrO 2 with molybdate for conversion of hexane or benzoylation of toluene with benzoic anhydride [10] and ZrO 2 with borate for benzoylation of anisole with benzoyl chloride [12] . Materials obtained by treating ZrO 2 with SeO 2− 4 , TeO 2− 4 and CrO 2− 4 are active for alkane dehydrogenation [8] . As a selection of combinations containing neither sulfate nor zirconia, tungstated SnO 2 , TiO 2 and Fe 2 O 3 may be named [10] ; numerous other combinations can be imagined. The activity of sulfated zirconia for butane isomerization can be further improved by orders of magnitude through the addition of cations of Fe and Mn [13, 14] , or, e.g., Co or Ni [15] . Equally, tungstated zirconia can be promoted with, for example, Fe [16] . In general, sulfated or tungstated zirconia catalysts deactivate rapidly [17, 18] , but by adding a noble metal to the catalyst, and hydrogen to the feed, the isomerization activity can be stabilized [16, 19, 20] . A complete catalyst thus consists of up to four types of components: the matrix oxide(s), the oxo-anion(s), promoters (optionally), and noble metal(s).
Target Properties
Three types of correlations have been made, namely between (i) performance and a measured or known physical quantity, (ii) performance and a preparation parameter or an observable that is characteristic of the preparation procedure, and (iii) physical quantities and a preparation parameter. Correlations of the first type allow for a targeted synthesis but still one must identify relationships between physical quantities and preparation parameters.
2.3.9.2.1 Structure-Activity Relationships Unless they are noble-metal doped and operated in the presence of H 2 , sulfated zirconia catalysts usually do not exhibit a stable performance. Thus, for any correlation it should be specified whether the maximum or steady-state activity has been evaluated.
The phase composition of zirconia has been identified as important. Zirconia occurs as three polymorphs, with the monoclinic phase being the room-temperature-stable modification. Above 1443 K, the tetragonal modification is preferred, whereas beyond 2643 K the cubic phase becomes stable [21] . The monoclinic phase of zirconia has been reported as inactive [22] , or at least a factor of four to five less active than tetragonal zirconia [23] . Consistent with insignificant activity of the monoclinic phase, maximum n-butane conversion (or isomerization rate) was found to be proportional to the fraction of tetragonal phase [24, 25] . However, the presence of the tetragonal phase is only a necessary but not a sufficient requirement for good catalytic activity [26] ; that is, not all tetragonal materials are automatically good catalysts. Sulfated zirconia that does not exhibit a distinct diffraction pattern has been claimed to be more [27] or less [28] active than conventional sulfated zirconia.
Catalytic activity is related to the surface area, for example in the case of butane isomerization [29, 30] or toluene cracking [31] . For the liquid-phase acylation of anisole with benzoyl chloride, the conversion is linearly related to the surface area, and increases monotonously with pore diameter in the range of 4.5 to 10.5 nm [32] .
The sulfur content is also an essential parameter. For toluene benzylation, conversion increases linearly in the range of 0.01 to 0.023% S per m 2 g −1 , which should correspond to densities of two to four S atoms per nm 2 [33] . However, the conversion of methylcyclopentane passes through a maximum at an intermediate sulfate content [34] . The n-butane isomerization activity of Pt-doped sulfated zirconia increases with increasing sulfur content up to a level of ca. one S atom per nm 2 , and then remains constant [35] . Other sources report distinct maxima in the isomerization rate of sulfated zirconia for sulfur contents of 170 µg m −2 (3 S atoms per nm −2 ) [37], or 1-2 wt.% S [38] , or 2.6 wt.% S [30] . There is evidence that a disulfate surface structure (S 2 O 2− 7 ) is relevant for good performance in n-butane isomerization, and this condensation product is only formed at high sulfate surface density upon dehydration [38] [39] [40] [41] [42] .
The highest butane isomerization rates per m 2 are observed at a Brønsted-to-Lewis site ratio of 1 after activation (as determined by pyridine adsorption) [36] . The Brønsted-to-Lewis sites ratio increases with increasing sulfate content. Unfortunately, the correctness of the number of Lewis sites as obtained by pyridine adsorption has been questioned, as this strong nucleophile may substitute for sulfate as a ligand of Zr ions and the Lewis acid sites will be overdetermined [43] . Correlations of the reaction rate to the total number of acid sites as measured by ammonia adsorption are not always convincing; for example, a poor correlation was obtained for an acylation reaction [44] , but good correlations were observed for 2propanol dehydration and cumene dealkylation [45] . On the other hand, the n-butane isomerization rate was found to be proportional to the number of Brønsted acid sites as determined by pyridine adsorption [46] .
Therefore, a preparative goal should be to maximize the fraction of tetragonal zirconia which, in the overwhelming proportion of reports, has been found more active in comparison to monoclinic or amorphous zirconia. A second goal is to maximize the surface area. Attempts have been made simply to support sulfated zirconia (or other oxo-anion modified oxides) on oxides with a higher surface area (such systems are not described here, but further information is available elsewhere [47] [48] [49] [50] [51] ). The target with respect to the sulfate content is less clear. There appears to be an optimum, because Brønsted and Lewis sites are both necessary and the fraction of Brønsted sites increases with increasing sulfate content. On the other hand, a disulfate structure seems to be desirable, and such a condensed species forms preferably with increasing sulfate surface density. Furthermore, the described properties are not independent of each other due to the strong interaction between oxo-anion and matrix oxide.
Effect of Sulfate and Other Oxo-Anions
The sulfate content influences the structural and textural properties of the final product. While pure zirconia, depending upon temperature, crystallizes into a mixture of monoclinic and tetragonal zirconia, the tetragonal phase becomes increasingly predominant as the sulfate content is raised [52] . No general statement can be made as to the amount of sulfate necessary to obtain solely tetragonal zirconia, because the phase composition depends also strongly on the calcination conditions (vide infra).
The surface area was found to be a linear function of the sulfate content up to about 5 wt.% SO 2 [31] . The linear correlation can be interpreted as the stabilization of a certain area per sulfate group, namely 0.5 nm 2 for oxides with the stoichiometry MO 2 , or 0.14 nm 2 for the M 2 O 3 type. Other studies confirm the surface area increase up to a content of 4-6 wt.% SO 2− 4 ; at higher loadings, the data are not consistent [37, 53] . Anions such as sulfate, tungstate, and molybdate have the same effect, as can be seen in Fig. 1 [52, 54] . The relative weights of WO 3 , MoO 3 , and SO 2− 4 explain the offset of the curves with respect to content. The attainable surface area, however, is considerably higher for WO 3 /ZrO 2 and MoO 3 /ZrO 2 . For sulfated zirconia, the surface area decreases at higher calcination temperatures, and the maximum shifts to lower sulfate contents, as Fig. 2 demonstrates.
At very high sulfate contents, the surface area decreases (see Fig. 1 ), and the size of the tetragonal crystallites increases (based on analysis of the line width with the Scherrer formula) [55, 56] . No systematic trend in the porosity with the sulfur content could be found [52] . A maximum in the number of Brønsted sites (as measured by pyridine adsorption) is found at around four S atoms per nm 2 [57] .
A high sulfate content is desirable because the active condensed sulfate structure seems to form only when a sufficient sulfate density is reached on the surface; furthermore, the surface area increases with sulfate content. However, very high sulfate contents have negative effects. The sulfate content may be controlled through the sulfation procedure only if it is ensured that there will be no sulfur loss during calcination.
Preparation Routes
The typical preparation route of sulfated zirconia and related materials follows the classical sequence according to IUPAC [58] : formation of a primary solid with all components, thermal treatment, and activation. The principles of preparing a precursor for the matrix oxide by precipitation or sol-gel synthesis are presented in Chapters 2.3.3 and 2.3.4. of this handbook. The procedures for dispersing noble metals are discussed in Chapter 2.4.2. However, oxo-anions, promoters, and noble metals can be associated at different stages of the preparation (see Fig. 3 ). The main theme of this chapter is to develop an understanding for the interaction of oxide precursor, oxo-anion, and promoters during formation of the primary solid or during thermal treatment and for the ensuing solid state chemistry, and from this knowledge to recommend suitable compositions and preparation procedures.
Formation of Primary Solid
To produce a suitable precursor for a high-surface-area zirconia, the starting point is usually a zirconium species dissolved in liquid phase. The zirconium reagent may be either an inorganic salt or an organyl.
Zirconium salt solutions have a number of industrial uses [59, 60] and their chemistry has been studied extensively [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] . In general, zirconium(IV) cations have a strong tendency to hydrolyze in aqueous medium; that is, the solutions are not stable and typically turn cloudy, which makes it difficult to exert control. Attempts have been made to identify the complexes that are formed in the hydrolysis reaction, as well as the species formed in subsequent reactions. Research has focused on solutions containing anions such as chloride, nitrate, and perchlorate, which are neither strongly complexing nor bridging. A discrete tetrameric complex, [Zr 4 (OH) 8 16 ] 8+ is present; it can be neutralized through attachment of eight chloride ions [62, 63] . The tetrameric complex has been identified in zirconium oxychloride solutions [64, 68, 71] , in zirconium perchlorate solutions [66] , and in zirconium nitrate solutions [65] . Upon increase of temperature or pH, the tetramer will oligomerize presumably in a first step to an octamer [64, 71] precipitate. At 373 K, 3 to 7 nm primary particles were observed [67] ; secondary particles (aggregates of primary particles) reach 175 to 250 nm [70, 72] . The particle growth rate can be decreased through addition of HCl [71] . Hence, the precipitation chemistry can be determined by concentration, pH, and temperature.
The chemistry of zirconium sulfate solutions is different because sulfate not only strongly complexes with zirconium [74, 75] but also potentially acts as bridging ligand and promotes polymerization [75, 76] . While cationic or neutral complexes prevail in chloride, nitrate, and perchlorate solutions, anionic [77, 78] mixed hydroxosulfato complexes [76] , also of polynuclear type, are formed in sulfate solutions. Polynuclear complexes can form through different bridging mechanisms; that is, hydroxo bridges (formed in an ''olation'' reaction), oxo bridges (''oxolation''), and sulfato bridges. Sulfate-bridged complexes of the constitution [Zr n (OH) n+1 (SO 4 ) 2n ] (n+1)− have been proposed [76] , or complexes of the type [Zr(OH) 2 
, which include water as a ligand [80] . Hence, it is not hydrous zirconia that is precipitated from these solutions, but sulfates; and the large number of possible sulfates [61, 81, 82] , especially basic sulfates [61, [83] [84] [85] , suggests that numerous complexes of different constitution may exist in solution. Consistently, no particular species have been reported as being stable over a range of conditions in zirconium sulfate solutions. The time frame for changes in these solutions [83] indicates that equilibration is slow: precipitation in 0.5 M Zr(SO 4 ) 2 solutions was observed only after 2 weeks [86] , and precipitation in 0.2 mM Zr(SO 4 ) 2 could be delayed by 10 h, 2 days, or 4 days by dissolving the salt in 1, 2, or 4 mM HNO 3 , respectively [77] . Heating promotes hydrolysis [87] . The kinetics of formation of larger particles in zirconium sulfate solutions have been investigated, and growth was accelerated at higher temperature, higher zirconium concentration and lower acid concentration [88] . From the available data it becomes clear that not only concentration, temperature and pH, but also aging, will play a role in the formation of the primary solid.
The chemistry in zirconium aqueous solutions depends strongly on the complexation with the available anions. Zr complexes may be either cationic or anionic, which also determines the choice of surfactant in a templated synthesis. In general, for each metal cation and each oxoanion, their joint solution chemistry must be considered, and adding the oxo-anion during the formation of the primary solid may affect the properties of the matrix oxide significantly.
2.3.9.4.1 Formation of Pure Hydrous Zirconia Starting compounds used for the formation of hydrous zirconia are ZrOCl 2 [89] , ZrO(NO 3 ) 2 [36] , and zirconium alkoxides [28, 90] . Precipitating agents are aqueous ammonia [89] and solutions of either KOH or NaOH [91, 92] . The precipitates are of a gelatinous nature [89] , and a crystalline zirconium hydroxide with a defined stoichiometry does not exist [93] . Hydrolysis of Zr alkoxides, which are soluble in for example ethanol, 1-propanol, 2-propanol or cyclohexane [44] , can be initiated by water [94, 95] , acids [90] , or bases [33] . For other oxides, e.g. TiCl 4 or SnCl 4 are used as starting compounds.
The precipitation can be conducted either by adding the zirconium solution to the base, or by adding the base to the zirconium solution. A more dramatic effect than the method of addition has the subsequent ageing or digesting of the precipitate [89] . Figure 4 shows how the surface area and the fraction of tetragonal phase increase with increasing digestion temperature. Moreover, the surface area correlates with the fraction of tetragonal phase. The surface area increases with digestion time, for example from 48 m 2 g −1 without digestion to 248 m 2 g −1 after a 96-h digestion at 373 K and calcination at 773 K [89] . In addition, the pore size distribution becomes narrower [28] . Digestion at pH 14 (KOH or NaOH) produces materials with surface areas stable up to 773 K, while undigested materials or those digested at pH 11-9.4 (NH 4 OH) lose surface area upon thermal treatment [91] . The acid site distribution is also altered; ammonia desorbs at higher temperatures from previously digested calcined zirconia, but the adsorbed amount per m 2 is unaffected [92] .
Hydrous zirconia can also be prepared via hydrolysis of zirconium alkoxides. Variations of the water/alkoxide ratio between 2 and 32 were found to have only a minor influence on the surface area of calcined zirconia (773 K) in comparison to the digestion time [95] . The zirconia surface area was reported to increase until about 200 h of digestion time at pH 9, reaching values larger than 300 m 2 g −1 . Digestion at pH 1 or 3 produces surface areas smaller than 100 m 2 g −1 ; in general the fraction of the monoclinic phase in the calcined material (773 K) increases with decreasing pH of the suspension [28, 95] . Zirconia gels can also be produced in supercritical CO 2 by hydrolyzing zirconium alkoxides with acetic acid [90] . of the primary solid. In a synthesis via gel formation from alkoxides, sulfate can be introduced during the gelling step [53, 96, 97] or during peptization [98] . Tungstate can equally be co-gelled [99] . Reverse microemulsions can also be used as a synthesis medium for sulfated zirconia nanoparticles [100] .
A large amount of sulfate can be incorporated into the primary solid due to the ability of sulfate to act as a bridging ligand between zirconium cations. The amount of sulfate can exceed 50 wt.% after application of sulfuric acid for peptization following a sol-gel synthesis; this will lead to sulfate contents of approximately 20 wt.% after calcination at 823 K [98] . For calcination temperatures below 873 K, samples co-gelled with sulfate exhibit higher surface areas than those sulfated with ammonium sulfate at a later stage [96] . The surface and bulk sulfate concentrations increase with increasing H 2 O/Zr ratio [101] . The drying method has also been investigated, with a xerogel (regular drying) being more active in n-butane isomerization than an aerogel (supercritical drying) [102] .
Template-Directed Formation of Primary Solid
Supports such as silica can be synthesized in the form of mesoporous molecular sieves [103] (see also Chapter 2.3.6). These materials are characterized by a very high surface area, which would be desirable also for zirconia, and can be achieved via a template-assisted hydrothermal synthesis. Surfactant molecules assemble to micelles, which direct the growth of the oxide matrix from an organometallic precursor. The surfactant is later removed in a calcination step. The difficulty with zirconium is that, in the strongly acidic solutions required to restrict hydrolysis, it is present in the form of cationic complexes (see Section 2.3.9.4); the typically used surfactants are protonated under these conditions and hence assembly cannot take place [104] . One solution to this problem is the addition of sulfate to generate anionic zirconium species, but full condensation is apparently prevented and the framework may be partially destroyed when the sulfate is removed by calcination. Using hexadecyltrimethyl ammonium bromide as surfactant, it was possible to obtain an MCM-41-like structure, which collapsed during calcination [105] . Treatment of the assynthesized composite with phosphoric acid stabilizes the structure throughout calcination, with S and P contents of 1 and 10 wt.%, respectively, in the final product. By using zirconium propoxide and ammonium sulfate instead of zirconium sulfate, an ordered pore system with S contents of up to 8.5 wt.% could be obtained [80] . Further procedures either with [106] [107] [108] or without [109] sulfate in the surfactant-containing synthesis mixtures have been published. The structural homogeneity and the catalytic properties of these materials vary. Inactivity in n-hexane isomerization was found combined with high activity for benzene alkylation with propene [106] . A lower activity in n-butane isomerization than for conventional tetragonal zirconia was observed for mesostructured zirconia [108] , but a higher activity has also been reported [109] .
Commercially Available Precursors
Hydrous and sulfated hydrous zirconia materials are available, e.g., from MEL Chemicals or Sigma-Aldrich [110] , and are frequently employed in both, academia and industry to produce sulfated zirconia catalysts [15, [111] [112] [113] . Zirconium compounds contain Hf as an impurity, e.g. hydrous zirconia contains typically about 1 wt.% Hf [112] . Zirconium sulfate, titanium sulfate and tin sulfate can also be used as precursors for the corresponding sulfated metal oxides [31, 114, 115] [117, 118] , and Zr(SO 4 ) 2 [119] . The procedures used are incipient wetness impregnation [35] , soaking in excess impregnating solution and filtering (sometimes referred to as percolation) [52, 120] , and soaking in excess impregnation solution followed by solvent evaporation [121] . Typical precursors for other oxo-anions are ammonium metatungstate (NH 4 ) 6 H 2 W 12 O 40 · xH 2 O [8] or ammonium metamolybdate [122] .
The surface sulfur content (calculated from total content and surface area with the assumption that all sulfate is on the surface) in the calcined and reduced catalysts increases linearly with the concentration of the H 2 SO 4 used in an incipient wetness procedure [35] . When an excess of acid is applied and the solid is filtered, the total sulfate content in the calcined product increases first steeply (<0.5 M), and then linearly with H 2 SO 4 concentration [52, 123] . A similar course is found for the sulfate surface density [118] . The surface sulfate content of the calcined materials (as measured by photoelectron spectroscopy) increases initially more steeply with increasing H 2 SO 4 molarity than the total sulfate content [52] . The sulfate content increases with the amount of sulfuric acid used for the impregnation [34] . More sulfate can be deposited (solvent evaporation) than adsorbed (filtration) [124] .
As a natural consequence of the described dependence of surface area on sulfate content, and the possible ways to modify the sulfate content by way of the impregnation step, the surface area correlates with the amount of sulfate applied. These correlations all show maxima in the surface area, either at an intermediate H 2 SO 4 amount [34] , or at intermediate concentrations e.g., at 0.5 M H 2 SO 4 [120] or 0.2-0.25 M H 2 SO 4 [123] . A maximum surface area at 0.25 M H 2 SO 4 coincides with the maximum in butane conversion [94] . The pore diameter decreases with the addition of sulfate, and remains constant at about 8 nm for H 2 SO 4 concentrations larger than 0.05 M [120] . Not only the sulfate concentration but also the pH plays a role: the maximum surface area is attained when hydrous zirconia is soaked in a sulfate-containing solution of pH 6-9, and these samples also produce the maximum isobutane yield under steady-state conditions [125] . The precursors, which result in different pH, unless it is adjusted, are also important; for example, catalysts obtained via H 2 SO 4 impregnation give a higher butane conversion than those from (NH 4 ) 2 S 2 O 8 impregnation [118] . Some authors prefer H 2 SO 4 as sulfating agent [10] , and others (NH 4 ) 2 SO 4 [6] .
2.3.9.5.2 Sulfation of Primary Solid via Gas Phase Treatment of hydrous zirconia with SO 2 enhances the activity for n-butane isomerization as much as impregnation with sulfuric acid, whereas treatment with H 2 S or SO 3 does not produce active materials [2] . Silica gel can be treated with SO 2 Cl 2 , which reacts with the surface OH groups, in order to generate sulfate attached to silica [8] .
Introduction of Oxo-Anions Using Solid Precursors
Calcination of a kneaded mixture of hydrous zirconia and ammonium sulfate at 773 K produces a material that is active for butene double bond isomerization and benzoylation of anisole [126] . Kneading hydrous zirconia with H 2 WO 4 , followed by calcination, yields a catalyst for pentane conversion [8] . Of the main group elements, Al [117, [127] [128] [129] [130] [131] [132] [133] and Ga [24, 134] act as promoters of sulfated zirconia isomerization catalysts. First row transition metals such as Ti [127] , V [127] , Cr [127, 135] , Mn [10, 15, [136] [137] [138] , Fe [10, 15, 127, [135] [136] [137] [139] [140] [141] [142] , Co [15, 127, 135] , and Ni [15, 127, 132, 135, 139, 143, 144] have attracted considerable attention. Nb is a promoter for alkane isomerization [145] . Silver and copper in the form Ag 0 and Cu 0 promote the activity of sulfated zirconia for n-pentane isomerization [146] . Ag and Cu are also suitable as additives to tungstated zirconia [147] . Ce and other lanthanides are also promoters of sulfated zirconia [112, 145] .
Combinations of promoters have also been tested. In particular, the combination of Fe and Mn was studied in detail for isomerization [14, 127, 136, 137, 139, , and also for cracking [172] [173] [174] and alkylation reactions [175] , since a synergistic effect between the two promoters was reported. Other successful combinations include Cr − Fe and V − Fe [127] .
2.3.9.6.2 Structure-Activity Relationships A number of relationships concerning performance and promoters have been reported. The efficacy of the first row transition metal promoters follows a trend in the Periodic Table, that is, under the selected conditions, the maximum activity decreases in the order Mn > Fe
Co > Ni Zn [15] . The conversion of n-pentane increases with decreasing ionic radius of the promoter cation in eightfold coordination; this relationship applies to yttrium and lanthanides [112] .
The promoter content can be optimized [117, 144] , and, e.g., when combining Group V, VI, and VII elements, the sum of all promoters is ideally between 0.1 and 4.5 wt.% metal [13] . The relationship between the conversion to isobutane and promoter content depends on the promoter type [139] . The steady-state n-butane isomerization rate was found to increase with an increasing ratio of the lattice constant c/a of the tetragonal phase for a family of Fe-or Mn-promoted catalysts [176] .
2.3.9.6.3 Effect of Promoters Promoters such as Mn or Fe stabilize the desired tetragonal phase of zirconia and, at high content, the cubic phase [113] . Stabilization of the high-temperature phases is a result of the incorporation of the promoter cations into the zirconia lattice [113] . This phenomenon is well known for ions of e.g. Y, Ca, or Mg; because of its wide application as a ceramic material yttria-stabilized zirconia has been studied extensively [177] . Many cations can be dissolved in the zirconia lattice [178] [179] [180] [181] . The lattice parameters of the stabilized tetragonal or cubic phase vary, depending on promoter type and content. The lattice may either contract or expand, with a linear relationship between certain lattice parameters and the molar fraction of promoter, corresponding to Vegard's law [181] . For example, Mn or Fe cause a contraction [113] . In light of the formation of solid solutions it can be understood why pentane conversion and ionic radius of the promoter are correlated [112] . The valence of the promoter ions differs from that of zirconium, and charges must be compensated in the lattice, for example by creating oxygen vacancies to balance the incorporation of ions with a valence less than +IV. Hence, the promoters alter the geometric and electronic structure of the zirconia matrix.
Promotion sometimes results in a slight increase in surface area [24, 134] , but not on all occasions [144] . The differences in surface area seem to be more pronounced when the calcination produces an unpromoted sulfated zirconia with significant amounts of monoclinic phase, while the promoters stabilize the tetragonal phase with its typically higher surface area (see Fig. 4 ). A 0-67% higher sulfate content is observed in promoted compared to unpromoted sulfated zirconia samples [24, 127, 134] . The promoters affect the reducibility of the oxo-anions on zirconia. In the presence of Mn, Fe, or Ga, the reduction temperature of sulfate is decreased [134, 182, 183] and, in the presence of Ga, tungstate is more easily reducible [184] .
While the choice of promoter type and content is straightforward, it is unclear whether the synthesis should target the dissolution of the promoter ions in the zirconia lattice or the formation of surface species. Evidence exists for both scenarios, that is either incorporated or surface promoter species may be catalytically relevant, as discussed in Ref. [113] .
Addition of Promoters
Promoters can be introduced at the solution stage before formation of the primary solid, they can be impregnated onto the primary solid, or they can be added to the crystalline oxide, always followed by calcination. It would seem that the first method should produce preferably incorporated species whereas the last method should produce preferably surface species. The literature though is not in agreement as to which method produces predominantly which species [113] . Figure 5 shows a more pronounced effect of the promoters on the lattice constant for preparation via coprecipitation in comparison to incipient wetness impregnation, suggesting that, indeed, incorporation is furthered when zirconium and promoter ion species are well interspersed in the primary solid.
Coprecipitation from a mixed solution of zirconium and promoter ions has been applied to introduce, for example, Al, Ga, Ti, Cr, Mn, Fe, Co, or Ni [24, 117, 127, 134] ; the sulfate can be added later [127] . If the promoters are introduced by impregnating a solid and the oxo-anion is already present, then the solubility of the oxo-anion in the impregnation solution must be considered. Even after calcination, the sulfate in sulfated zirconia is water-soluble and will be partially removed in aqueous medium [113, 185] . One frequently applied method is that of incipient wetness [14, 15] , in which the solubility problem is suppressed. The order of adding sulfate and promoters to the primary solid via incipient wetness impregnation does not result in significant differences in n-butane isomerization activity [186] . If Al-or Ga-promoted sulfated zirconia are prepared by first introducing the promoters and then the sulfate, coprecipitation yields superior catalysts in comparison to wet impregnation [24] . Calcination of physical mixtures of sulfated zirconia with FeSO 4 , sulfated Fe 2 O 3 or Fe 2 O 3 at 723-873 K also results in catalysts with promoted activity in n-butane isomerization [187] .
2.3.9.7 Calcination 2.3.9.7.1 Events Occurring During Calcination During calcination, a largely disordered hydroxide-type precursor is converted into a crystalline metal oxide. The chemical reactions that occur are dehydration and condensation reactions such as dehydroxylation, which leads to the formation of oxo-bridges (oxolation) between the metal cations [188] . Further components that are able to cleave out volatile compounds may be decomposed; for example, NH 3 may be released from ammonium, NO x from nitrates, and SO 2 and O 2 from sulfate. Also from other oxo-anions volatile species may be produced, e.g. MoO 3 . Redox processes can occur through reaction with the oxygen of the calcination atmosphere, or through re-reaction with volatilized species, affecting the valences of the catalyst components. Surfactant molecules would be combusted. Structure and morphology change considerably during calcination. The oxide crystallizes and particles coalesce, leading to a loss in surface area and a change in porosity.
Thermogravimetric (TG) and differential thermal analysis (DTA) data for an ammonium sulfate-treated hydrous zirconia are presented in Fig. 6 (for further data relating to zirconia-based materials, see Refs. [91, 136, -191] ). The TG curve is characterized by a large weight loss of more than 25% that extends to 873 K, and a second, smaller weight loss that sets in at about 900 K. The first loss is connected with the evaporation of water and the decomposition of ammonium, and the second loss to the decomposition of sulfate. The DTA curve shows the water loss and sulfate decomposition to be endothermic, and additionally shows an exothermic peak at about 800 K. The origin of this ''glow exotherm'' has been debated, whereby crystallization [192, 193] , the loss of internal surface hydroxyl groups [194] , and the coalescence of small particles to larger ones [195, 196] have been proposed as heat-generating processes.
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The enthalpies derived from thermal analysis for, presumably, the crystallization of tetragonal or monoclinic zirconia show a wide spread, ranging from −4.3 to −58.6 kJ mol −1 [91, [191] [192] [193] [197] [198] [199] [200] [201] . The energetic difference between the two phases is small; the monoclinic is about 5 kJ mol −1 more stable [199, 202] . These discrepancies in enthalpy can be ascribed to variations in the initial and final states. The properties of ''hydrous zirconia'' depend strongly on the procedure of preparation, and this state is usually not closely investigated. The final state is also insufficiently characterized, in that only the detected phases are considered but not amorphous fractions or properties such as crystallite sizes and surface areas.
From the thermal analysis data it is obvious that, during calcination, considerable mass and heat transfer occurs which, particularly when working on a preparative scale, may be limited. The chemistry will be influenced by the mass transfer conditions, e.g. the condensation chemistry will be affected by the water vapor partial pressure in the pores and the surrounding gas phase. Surface diffusion and hence zirconia crystallite growth is reported to be accelerated by water vapor [203] . Any volatile species can potentially be re-deposited on the material's surface. Fig. 7 . Significant deviations from the planned ramp are apparent, which differ depending on the sample volume employed [204, 205] . The sample temperature lags behind the oven set temperature, and more so with increasing sample volume, because of the endothermic evaporation of water. Retention of water vapor in a tightly packed bed will delay condensation reactions, which should lead to higher surface areas. At oven temperatures of 675 to 700 K, the bed temperature exhibits a brief, but significant, overshoot. For a 17.1-mL volume, the overshoot amounts to 260 K, with an increase of 45 K s −1 . The curves indicate explosion kinetics; heat cannot be dissipated as rapidly as it is produced. The onset shifts to lower temperature with increasing volume, probably due to a restricted heat transfer with the small surface-to-volume ratio and more complete enclosure of the bed in the larger quartz boats. This violent reaction is designated in the literature as the ''glow phenomenon'', in reference to the emission of visible light, and was first reported by Berzelius in 1812 [206, 207] . For zirconia, it was mentioned already in 1818 [208] but was more thoroughly investigated only decades later [209, 210] . The phenomenon is also observed during the formation of chromium oxide, iron oxide and titania, and is thus of general relevance; however, it does not occur during alumina formation [195, 210] . Additives of any type shift the glow event to a higher temperature [189, 190, 196, 197, 204, 205] and subdue or even suppress it [193, 195] ; for sulfate, the exotherm temperature shifts linearly with content [190] . Estimation of the expected temperature overshoot from enthalpy changes due to crystallization or surface area loss, under the assumption of quasi-adiabatic conditions, shows that either process can account for the phenomenon [205] .
The actual temperature curves during calcination for a sulfated hydrous zirconia material promoted with 0.5 wt.% Mn are shown in Fig. 8 . The addition of sulfate and Mn shifts the onset of the overheating to about 100 K higher temperature. The nitrogen adsorption and desorption isotherms for the obtained materials are shown in Fig. 9 . The hysteresis loop becomes more pronounced with increasing bed volume. The surface area increases slightly, from 92 to 96 to 106 m 2 g −1 , consistent with the idea of inhibition of oxolation and coalescence by water retained in a larger bed. In Fig. 10 , the catalytic activity data are presented for the same set of samples. The rates increase significantly with the volume used for the calcination, excluding surface area as the sole explanation for the differences.
These data show that variations in bed size and packing during calcination can produce different materials from a single precursor batch [204, 205] . Although the nominal conditions (heating ramp, holding temperature and time, atmosphere) are identical in these calcinations, the samples experience quite different actual conditions. During the initial phase, the water vapor partial pressure will affect the condensation chemistry. Crystallization starts before overheating is observed. Surface area and diffractogram of a sample that was cooled directly after the glow phenomenon largely correspond to those of samples that underwent the complete heating program, which indicates that structure and morphology are developed during overheating [205] . During the temperature overshoot, the desired maximum temperature may be exceeded, which allows for a chemistry that is not possible within the planned program. Enhanced ion mobility within the forming solid, as well as volatilization and reanchoring with a restructuring of surface species, can also be envisioned. Because of the fairly rapid cooling down following the overshoot, non-equilibrium states might be quenched. The subsequent holding time at high temperature does not equalize differences evoked during the heat-up phase. Consistently, attempts have been made to relate high n-pentane isomerization activity to a sharp and high exothermal peak [191] . In part, the reported lack of reproducibility [211] of these catalysts may originate from underestimating the importance of the details of the calcination procedure. Samples calcined in different set-ups are not comparable on an absolute scale, and the data discussed below illustrate such trends.
Effect of Calcination Temperature on Physical Properties
The calcination temperature has a major influence on phase composition, surface area, and sulfate content. Upon heating, the metastable tetragonal (cubic) phase is formed first. The higher the calcination temperature, the more likely is the formation of monoclinic zirconia. Crystalline zirconia appears at about 663 K in non-sulfated samples [212] . The crystallite size of the tetragonal phase and the fraction of the monoclinic phase increase with increasing calcination temperature [89, 212] . In the presence of sulfate, the tetragonal phase is stabilized, and even at temperatures of 933 K, purely tetragonal material can be obtained [212] . However, typically, formation of the monoclinic phase sets in at calcination temperatures above ca. 873 K [37] . The crystallite size of the metal oxide in sulfated zirconia, titania and tin oxide prepared via sulfate decomposition, was found to be constant up to the calcination temperature that provides the largest surface area [31] .
The surface area of pure zirconia decreases with increasing calcination temperature above 773 K, with a smaller effect for materials with a small initial surface area [95, 101] . The surface area drops significantly once the temperature exceeds that of the glow exotherm [213] . Such a decrease is also observed for oxo-anion modified zirconia, for example for sulfated zirconia (from 135 m 2 g −1 at 773 K to 40 m 2 g −1 at 1173 K [53] ), and for tungstated zirconia (from 100 m 2 g −1 at 973 K to 35 m 2 g −1 at 1223 K [99] ). A linear correlation of surface area and temperature is seen between 773 and 1223 K [188] . The trends for different metal oxides are shown in Fig. 11 . The sulfate content is also reduced by calcination, and this occurs in parallel with a loss of surface area, as Fig. 11 demonstrates. The published data vary as to the temperature where these losses start; values also depend on the initial sulfur content, and range from 473 K to 873 K [36, 37, 101, 212, 214] . It has been claimed that sulfate in certain crystallographic locations desorbs preferentially, and highly uncoordinated Zr 4+ sites, which are strong Lewis acid sites, are generated at calcination above 773 K [215] .
With increasing calcination temperature, the number of OH groups on the surface decreases [183] .
2.3.9.7.4 Effect of Calcination Temperature on Catalytic Performance The best performance in n-butane isomerization is exhibited by sulfated zirconia that has been calcined at 823-873 K [187] , 873 K [53] , 893 K [216] , or 875-900 K [214] . A minimum temperature of 773 K is required to obtain an active material [215] . Much higher temperatures are necessary for tungstated zirconia, about 1100-1200 K [99] . The initial activity of the obtained sulfated metal oxide catalyst in cumene cracking depends on the calcination temperature employed in decomposing the commercial Zr(SO 4 ) 2 or Ti(SO 4 ) 2 precursor. The activity increases with increasing calcination temperature, reaching a maximum at 900 K for the titania and 1000 K for the zirconia catalyst [114] . This increase in activity was found to be parallel to an increase in surface area [31] .
The optimal temperature in the presence of promoters has been evaluated for sulfated zirconia promoted with Fe and Mn; the results are shown in Fig. 12 [217] . Because the activity of these catalysts changes rapidly, several data points representing different times on stream have been selected. The best performance is obtained after calcination at 923 K [166, 217] .
2.3.9.7.5 Effect of Holding Time Little is known about the effect of holding time. Neither zirconia crystallization nor crystallite growth progress further after 2 h at ≥773 K [218] . If the temperature is high enough to decompose sulfate, e.g. 873 K, then the sulfate content will 2.3.9.7.6 Calcination: A Summary The calcination is a critical step, but it is difficult to name optimal conditions for two reasons. First, phase composition, surface area, and oxoanion content are interdependent properties. During calcination, excess sulfate or tungstate -that is, more than can be accommodated in a chemisorbed monolayer -will be converted to oxides, and more so as the surface area shrinks with increasing temperature. In the case of sulfate, oxide formation means volatilization and, in the case of tungstate, the excess remains in the sample in the form of WO 3 [99] . The sulfate content thus will be diminished; typical sulfur losses during calcination (2 h 873 K) depend on the sulfur loading and amount to 20-50% of the initial content [56] . Concurrent with sulfate loss and surface area shrinkage, monoclinization of zirconia may occur.
Second, the number of parameters influencing the outcome of calcination is high. Because of the condensation chemistry when starting from a hydrous oxide precursor, and the strongly exothermic crystallographic and morphological changes, both heat and mass transfer conditions are extremely important. The restriction of heat transfer and gas exchange seems favorable, contrary to IUPAC recommendations to use moving beds [58] . The most important point is to realize that simply stating the maximum temperature and holding time is insufficient; the bed size and packing, gas exchange conditions and heating rates must be specified and controlled to render calcinations reproducible.
Sulfation of Thermally Treated Crystalline Oxides
It has often been claimed that adding sulfate to crystalline ZrO 2 does not yield an active catalyst [37] , or yields only about one order of magnitude less active catalysts [214] . Specifically, the activity of the resultant materials drops when the hydrous oxide is pretreated at a temperature that will induce crystallization [2] . However, the situation is different for other oxides; for example, materials that are active in acid catalysis can be generated from Fe 2 O 3 [220, 221] .
Sulfation with Aqueous Solutions (Solid-Liquid Phase)
The impregnation of zirconia, followed by calcination at 873 K, produces a material that is active in n-butane isomerization, with the activity related to the surface area [29] . Incipient wetness impregnation with ammonium sulfate and calcination at a temperature of at least 773 K also results in a sample active in n-butane isomerization [96] .
2.3.9.8.2 Sulfation via Gas Phase (Solid-Gas Phase) SO 3 treatment at 573 K has been used to sulfate Fe 2 O 3 , with positive results in cyclopropane isomerization; also, H 2 S and SO 2 treated Fe 2 O 3 samples become active after oxidation at 723-773 K [221] . Equally, exposure of ZrO 2 to H 2 S or SO 2 , followed by treatment in an excess of O 2 at 723 K, yields virtually identical IR spectra [119] . Moreover, the spectra correspond to those obtained after aqueous solution impregnations using H 2 SO 4 , (NH 4 ) 2 SO 4 , or Zr(SO 4 ) 2 and suitable activation. At low coverage, monosulfate species are observed, while at more than 250 µmol S g −1 an S 2 O 7 -type species appears, indicating that a high sulfate density can be achieved via gas-phase reaction. It is possible to generate an active material via gas-phase sulfation of predominantly monoclinic zirconia using H 2 SO 4 vapor [214] . SO 3 can also be employed as a sulfating agent. Exposure of zirconia supported on silica at 673 K generates a catalyst that is active in the transalkylation of benzene and diethylbenzene, though only after hydrating the material [222] . The sulfur content of sulfated zirconia can be increased by treatment with SO 3 at 673 K, with an increase from 0.44 to 0.64 mmol g −1 or 6 wt.% having been reported [24] . In a series of samples, the total amount of sulfate after SO 3 treatment was found to be proportional to the fraction of monoclinic material in the sample, with loadings reaching 1.15 mmol g −1 or 12 wt.%. SO 3 treatment enhances the butane isomerization activity of sulfated zirconia, and zirconia becomes active. A sample prepared via SO 3 sulfation, and containing only 30% tetragonal zirconia, was even found to be catalytically more active than a sample created by the calcination of amorphous hydrous zirconia. Previous investigations have confirmed that monoclinic zirconia may be sulfated to give an active catalyst, but only at high sulfate loading and at the expense of low sulfate stability and rapid deactivation [223] .
Calcination of pure hydrous zirconia leads to a lower surface area, and a monoclinic fraction is more easily formed. The successful sulfation of crystalline materials requires a high temperature; hence, it appears that a reaction of the sulfur species with the support must be initiated.
2.3.9.8.3 Sulfation of Zirconia using Solid Sulfate Precursors Kneading calcined zirconia (773 K) with ammonium sulfate, followed by a second calcination at 773 K, produces a material that is active for butene double-bond isomerization and the benzoylation of anisole [126] .
2.3.9.9 Addition of Noble Metals Noble metals can be added at different stages of the preparation, for example, during alkoxide hydrolysis [224] , before calcination [225, 226] , or after a calcination step [227] . Normal impregnation methods are employed; non-water-soluble noble metal salts can be kneaded together with the primary solid [225] . Noble metals are also effective when not located directly on the oxo-anion modified oxide [187] .
2.3.9.10 Activation Reports on the optimal activation temperature vary significantly. For sulfated zirconia, temperatures of 523-573 K [216] , 573 K [228] , 590 K [229] , 673 K [94, 228] , 723 K [55] , or 923 K [214] have been reported as being optimal for high n-butane isomerization activity. The individual materials may favor different activation temperatures, but atmosphere, heating rates and holding times may also play a role.
The performance of promoted sulfated zirconia catalysts, for example with Fe and Mn as promoters, appears to be less sensitive to the temperature, particularly if the sample is activated in air and not in inert gas [152] . Temperatures of 623-723 K have been reported to generate the highest maximum activities [152, 166] .
Noble metal-containing sulfated zirconia catalysts require a reduction step, with the inherent danger of reducing and volatilizing the sulfate. In the presence of Pt, the sulfate reduction temperature is shifted by about −200 K into the range 733 to 773 K [230] . The butane isomerization activity of Pt-doped sulfated zirconia decreases to zero with increasing reduction temperature in the range 583 to 693 K [46] . The situation will be more complicated if promoters are present; for example, Mn-promoted sulfated zirconia becomes inactive after treatment in 50% H 2 at 703 K [231] .
Similar to sulfate, tungstate is much more easily reduced in the presence of Pt; W 5+ species are formed at room temperature, but the systems are active [232] . Pt in Pt-doped Fe-promoted tungstated zirconia is reduced to metal at room temperature and hence, under hydroisomerization conditions, is also expected to be metallic, rendering an extra reduction step unnecessary [16] .
Summary
The catalysts discussed in this chapter contain four types of components, namely matrix oxide, oxo-anion, promoter, and noble metal. If the oxide and oxo-anion precursors are associated in solution, then the metal cation's tendency for hydrolysis and for complexation with the oxo-anion will determine the nature of the primary solid. Alternatively, oxo-anions can be introduced to a solid hydrous or crystalline oxide.
If promoters are added, then the solid-state chemistry of the matrix oxide and its ability to accommodate foreign cations in its lattice come into play; on the other hand, oxo-ions will compete to form stable compounds with the promoter ions, e.g., Al 2 (SO 4 ) 3 . In the first case, the geometric and electronic structures of the matrix oxide can be tuned, although not independently. Thus, zirconia is an interesting matrix oxide for oxoanion modification because, by varying its properties via promoter incorporation, the reactivity, e.g. the reducibility, of the oxo-anion can be determined.
All preparations require a high-temperature thermal treatment after associating the components. The calcination conditions are difficult to control because the reactions occurring in the sample consume and produce significant amounts of heat and gases; thus, heatand mass-transfer conditions must be carefully considered. The thermal treatment represents a key step in the formation of oxo-anion modified oxide catalysts. As a consequence of the close interaction of the individual catalyst components, properties such as phase composition, surface area and oxo-anion content are interdependent, and determine further properties, such as acid site distribution. Therefore, the targeted synthesis of oxo-anion modified oxides with specific properties is challenging.
